Abstract Hydro-transportation is an economic and flexible way to transport natural resources such as oil and gas from excavation to the extraction plants, refineries, and consumer-ready products to markets. However, interaction between solid particles, corrosive fluid, and target material often results in significant mutual reinforcement due to the combined action of erosion and corrosion. In this study, erosion-corrosion behavior of API pipeline steel has been assessed in 2 g l -1 NaCl solution purged with CO 2 as the corrosive media and aluminum oxide as the erodent. Four different particle velocities (36, 47, 63, and 81 m s -1 ) were employed, while the angle of incidence was kept constant at 90°. The synergism between erosion and corrosion has been studied by means of a newly designed test approach to mitigate the limitations of the in situ method and to identify the effect of erosion on corrosion and vice versa. The corrosion process was monitored using potentiodynamic polarization and weight loss measurements. Total material loss rate and the components of erosion, corrosion, and their synergistic interactions have been determined. Scanning electron microscopy examination and experimental results show that there is an immense correlation between erosion and corrosion. Significant synergism was observed due to the interaction of different erosion and corrosion mechanisms.
Introduction
During the transportation of natural resources (oil and gas) metal surface is exposed to flowing corrosive environment, in which, the mechanical process of metal removal through erosion and the electrochemical process of corrosion are coupled [1] [2] [3] [4] . Here the observed mass loss is higher than the summation of mass loss due to pure erosion and pure corrosion. The interaction between these two processes has been referred to by different researchers as 'synergistic' effect [5, 6] . Corrosion of carbon steel in CO 2 environment is a continuing problem in oil and gas industries. As oil and gas emerge from geological formations they are often accompanied by water and varying amount of 'acid gases' such as carbon dioxide (CO 2 ) and hydrogen sulfide (H 2 S). Several investigations [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have been reported to study the erosion-corrosion phenomena involved.
The synergistic effect between erosion and corrosion has been receiving more and more attention in recent years because the mechanism of synergy is not thoroughly understood. Postlethwaite [20] pointed out that corrosion increases erosion rate by roughening the metal surface because erosion is sensitive to the impingement angle of solid particles. Matsumura et al. [21] proposed that the increase in the surface roughness plays a role in synergism and suggested that erosion can be enhanced by corrosion through the elimination of the work-hardened layer. Recently, Li et al. [1] proposed that localized attack causes disruptions in the surface oxide film (caused by particle impact), which enhances crack growth. Oxide flakes then detach leading to increased erosion. Hu and Neville [22] studied CO 2 erosion-corrosion behavior of API X65 steel in oil and gas environment. They found that surface degradation due to corrosion process reduces the resistance to erosion. Burstein et al. [6] observed that corrosion rate doubled in the presence of erosion. This is because of the detachment of the flakes formed by repeated impacts of solid particles. This observation supports previous speculation [2, 23, 24] that erosion affect corrosion by increasing local turbulence/mass transfer and by surface roughening.
Erosion is very much dependent on the impacting particle properties (density, hardness, size, and shape), target material, particle feed rate, temperature, impact angle, and velocity of abrasive particles [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . However, impact angle and particle velocity have been recognized as two parameters that remarkably influence erosion rates and surface degradation in tribo-systems. Lopez [41] studied the effect of abrasive velocity and concluded that surface damage increases with increasing impact velocity of the particles. Erosion rate has been shown [42] [43] [44] [45] [46] [47] to follow an empirical power law relationship with velocity,
where V is particle velocity, k is a constant, and n is the velocity exponent, and has values between 2 and 3.5 for metallic materials. It is believed that particle feed rate also plays an important role during erosion. The influence of the particle feed rate on erosion behavior has been investigated in the open literature [48] [49] [50] [51] [52] .
Gas injection is presently the most commonly used approach in enhanced oil recovery. Carbon dioxide gas (CO 2 ) is often injected in deep oil and gas wells because it reduces the oil viscosity and assists in the recovery effort [52] [53] [54] [55] . The electrochemical corrosion behavior of carbon steel was studied in sweet environment where the presence of CO 2 leads to the formation of a weak carbonic acid (H 2 CO 3 ) which drives the carbonate/bicarbonate (CO 3 2-/ HCO 3 -) corrosion reactions [56] . This initiating step is represented by the reaction,
The subsequent corrosion process is controlled by three cathodic reactions and one anodic reaction [56] . Cathodic reactions include the reduction of carbonic acid into bicarbonate ions, reduction of bicarbonate ions into carbonate ions, and the reduction of hydrogen ions to hydrogen gas.
In carbonate/bicarbonate media, the anodic reaction involves oxidation of iron to ferrous (Fe 2? ) ion,
These corrosion reactions provide a chemical environment which promotes the formation of iron carbonate (FeCO 3 ), where ferrous ions react directly with carbonate ions. Iron carbonate can also form by a two-step process: (i) ferrous ions react with bicarbonate ions to form iron bicarbonate; (ii) dissociation of iron bicarbonate into iron carbonate along with carbon dioxide and water [57] .
The significance of FeCO 3 formation is that it drops out of solution as a precipitate due to its limited solubility [57] . This precipitate has the potential to form passive film on the surface of the steel which reduces corrosion.
In order to identify the effect of corrosion on erosion and vice versa, it is important to separate the metal loss contributions due to erosion, corrosion, and their interactions. Various techniques [58, 59] have been used by different researchers to quantify these components which facilitate the analysis of material loss mechanisms and development of predictive models [60] [61] [62] [63] [64] . The total material loss during erosion-corrosion process can be defined as follows [65] :
where T is the total mass loss rate of the material, E 0 is the erosion rate in absence of corrosion, C 0 is the corrosion rate in absence of erosion, and S is the synergistic component and is defined as follows:
where
DC e is the change in corrosion rate due to erosion and DE c is the change in erosion rate due to corrosion, E c is the total erosion component in the presence of corrosion, and C e is the total corrosion component in the presence of erosion. It is important to note that erosion-corrosion mass loss can sometime also be lower than the summation of mass loss due to pure erosion and pure corrosion. In that case, the effect is called the antagonistic effect or negative synergism [66] . Depending upon the specific pipeline operating conditions and field environment, abrasive particle feed rate may vary from 0.03 to 24 g min -1 mm -2 [67, 68] . In this study, relatively high particle feed rate was used in an attempt to reproduce actual operating conditions encountered in desert environment, where pipelines are subjected to erosion by high sand flux. Such conditions are common in middle-east oil and gas fields. The lack of such study has motivated the authors to conduct erosion-corrosion tests at high abrasive feed rate (mean value of 24 g min
to investigate the degradation behavior of API X42 steel under such condition. This study primarily focuses on understanding the erosion-corrosion mechanisms of API X42 pipeline steel and the constitutions of total material loss in terms of erosion, corrosion, and their interactions. In addition, some key parameters (morphology, nature, formation, and fracture of the surface film) affecting erosioncorrosion of API X42 steel in sweet environment are briefly presented. A newly designed test approach was used to avoid the fluctuation in electrochemical measurements due to bubble formation and turbulence associated with in situ measurements. It also provides better insight on the effect of erosion mechanism on corrosion and vice versa. Although the environmental conditions that the pipeline materials are exposed to in real application are different from laboratory monitoring systems, the objective of current work is to improve the understanding of erosioncorrosion predictions by identifying critical parameters to ensure effective use of API X42 steel in oil and gas production.
Experimental

Materials
API X42 steel coupons (15.8 mm diameter and 4.7 mm thick) were used as test specimens and aluminum oxide particles were used as erodent in all erosion and corrosion experiments. The physical and chemical properties of the specimen and the erodent are given in Table 1 .
Surface Characterization
API X42 specimens were ground using 240, 320, 400, and 600 grit SiC abrasive papers and then polished using 1, 0.3, and 0.05 lm gamma alumina suspension prior to experiments. Figure 1 shows the microstructure and XRD pattern of API X42 steel. The micrograph in Fig. 1 (a) reveals a mixture of proeutectoid ferrite (86 %) and pearlite (14 %) as expected in API X42. The grains are regular, having an average size of 10 ± 2 lm. XRD peaks (Fig. 1b) were matched to those in the Powder Diffraction Files (PDF) and identified as carbon steel peaks having a BCC crystal structure. Malvern mastersizer 3000 laser diffraction particle size analyzer was used to measure the particle size distribution of the aluminum oxide erodent. The technique follows ISO 13320:2009 standard [69] . The abrasive particle size distribution is shown in Fig. 2a . These results give a mode of about 63 ± 3 lm and an average abrasive particle size of about 57 ± 3 lm. SEM image of the alumina erodent reveals irregular angular shaped particles as shown in Fig. 2b .
Experimental Setup
Erosion Test
An erosion tester designed to control and adjust particle impact velocity, particle flux, and specimen distance and orientation relative to the impinging abrasive stream was used. The tester is similar to those used by other researchers for studying solid particle erosion [67, [70] [71] [72] . Figure 3 shows a schematic diagram of the dry erosion tester [73, 74] .
Operating conditions for erosion tests are given in Table 2 . The abrasive particle velocity range used in this study was 36-81 m s -1 (Table 2) . In this study, particle velocity was measured as a function of air pressure using double-disk method [72] . Calibration curve for air jet pressure vs particle velocity was reported in a previous study [74] particle velocity range. Other researchers [70, 71] have also used higher particle velocities than stated in the ASTM standard. In this study, a wide range of particle velocity was used in order to assess the effect of particle velocity on erosion and corrosion. Specimens were weighed using a digital balance (with an accuracy of 1 9 10 -5 g) before and after each erosion test. Erosion rate in the absence of corrosion (E 0 ) (lm s -1 ) was calculated using the following equation [65] :
where DW is the weight loss (g) of the specimen, A is the projected eroded surface area (mm 2 ), d is the density (g cm -3 ), t is test duration (s), and K 1 is a constant (1 9 10 6 lm cm -1 ).
Corrosion Test
A conventional three-electrode electrochemical glass cell with a graphite counter electrode and a saturated calomel electrode (SCE) (reference) [75] was used for electrochemical measurements. All potentials are reported in SCE scale. Polarization curves were generated by changing the electrode potential using a Uniscan potentiostat PG581, at a sweep rate (scan rate) of 0.166 mV s -1 . Prior to electrochemical tests, the working electrode was kept in the solution and allowed to attain a stable open circuit potential (OCP) . Measurements indicate that a stable OCP for API X42 steel was achieved after 1.5 h of immersion. After stabilization, potentiodynamic polarization curves were generated by changing the working electrode potential from an initial value of 250 mV below OCP up to 250 mV above OCP.
Corrosion tests were conducted in one liter solution containing 2 g NaCl (0.03 M). CO 2 gas was purged through the cell until saturation. At saturation, the pH of the solution reached a value of 4.3. The flow of CO 2 was turned off during the experiment to avoid turbulence or gas bubble formation at the surface of the specimen. The pH of CO 2 saturated solution was monitored continuously during corrosion tests and was maintained at a constant value of 4.3 throughout the experiments. All tests were performed at the ambient temperature. Specimens were weighed before and after each corrosion test. Corrosion rate in absence of erosion (C 0 ) (lm s -1 ) based on weight loss was calculated using the following equation [65] :
where DW is the weight loss (g) of the specimen, A is the surface area (mm 2 ), d is the density (g cm -3 ), t is test duration (h), and K 2 is a constant (277.78 lm h cm -1 s -1 ). Corrosion rate in the absence of erosion (C 0 ) (lm s -1 ) based on potentiodynamic polarization corrosion current (I corr ) was calculated using the following equation [65] :
where K 3 is a constant (1.03 9 10 -7 lm g lA -1 cm
), I corr is the corrosion current density (lA cm -2 ), and EW is the equivalent weight and d is the density (g cm -3 ). The operating conditions for corrosion tests are given in Table 3 . [22, [78] [79] [80] [81] used an impinging jet apparatus (recirculation rig) coupled with an electrochemical setup in a sealed vessel for erosion-corrosion study. To determine material loss due to pure erosion, the test solution was prepared using tap water and N 2 was bubbled through the solution to reduce oxygen content. During erosion-corrosion, test solution (NaCl ? water) was purged with CO 2 before experiments. Stack et al. [66, 82] constructed an apparatus consisting of a large plastic tank that was used as a chamber. The solution was delivered with high pressure through a flex vent. When the solution entered the ejector at high speed, it produced a partial vacuum due to venturi effect and the slurry underneath the tube was mixed with the flowing solution by means of suction. An electrochemical cell was incorporated into the test rig to enable in situ electrochemical tests and to control the potential of the specimen. The erosion-corrosion rate was obtained by mass loss techniques, while corrosion contribution, during the erosion-corrosion process was estimated by integration within the area under the current-time curve. Wood et al. [83, 84] performed erosion-corrosion experiments in a slurry pot erosion tester driven by a motor. The rig assembly was enclosed within a Faraday cage which allows electrochemical measurements. For pure erosion experiments, 0.1 M NaOH was used as the test solution with the addition of silica sand. Pure corrosion experiments were performed using 3.5 % NaCl. Erosion-corrosion experiments were performed using similar corrosive solutions as used in pure corrosion with the addition of silica sand. Xie et al. [85] showed that by increasing frequency of the intermittent erosion-corrosion cycle, it is possible to obtain close results as if erosion and corrosion happened together. This test method provides more stable electrochemical measurements and is employed to mitigate the limitations of the in situ method [22, 24] , including the difficulty of controlling fluctuation in electrochemical data due to bubble formation and turbulence. In this study, in order to calculate the rate of material loss contributions from erosion, corrosion, and their interactions, specimens were subjected to erosion for 10 s and erosion rate was calculated using Eq. 14. Eroded specimens were then subjected to corrosion for 2.5 h and corrosion rate was then calculated from both potentiodynamic polarization (Eq. 16) and weight loss (Eq. 15). In the present work, erosion followed by corrosion is termed 'cycle.' Five erosion-corrosion cycles (starting with erosion and finishing with corrosion) were performed, which gives a total of 50 s of erosion and 12.5 h of corrosion. Total erosion component (E c ) and total corrosion component (C e ) are averages of five consecutive erosion and corrosion cycles, respectively. Erosion rate in the absence of corrosion (E 0 ) and corrosion rate in the absence of erosion (C 0 ) were calculated from pure erosion for 50 s and pure corrosion for 12.5 h, respectively. The increase in material loss rate was then calculated using Eqs. 10-13. It is worth noting that erosion and corrosion tests in this study were not performed simultaneously. The synergistic effect of erosion-corrosion in this work refers to the result of the cyclic erosion and corrosion tests.
The surface (A 3 ) of the specimen exposed to erosion and corrosion is calculated using the following equation:
where A 1 = entire surface of the specimen exposed to corrosion and A 2 = surface area exposed to corrosion only. The corrosion current density (I corr;A 2 ) contribution from A 2 surface area is calculated from pure corrosion (potentiodynamic polarization) experiment using the following equation:
where I corr is the corrosion current density (lA cm -2 ) during pure corrosion from the entire surface area (A 1 ). During erosion-corrosion experiment, I Ã corr (corrosion current density during erosion-corrosion) calculated from potentiodynamic data has contributions from both pure corrosion (A 2 ) and erosion-corrosion (A 3 ) areas. Therefore, erosion enhanced corrosion current density (I corr;A 3 ) can be calculated using the following equation:
Erosion enhanced corrosion rate is then calculated using Eq. 16. During erosion-corrosion, entire surface area (A 1 ) exposed to corrosion, surface area (A 2 ) only exposed to corrosion and surface area (A 3 ) exposed to both erosioncorrosion are 100, 91.34, and 8.66 mm 2 , respectively. The operating conditions for erosion-corrosion experiments are given in Table 4 .
To investigate the sub-surface of the erosion scar, specimens were cross sectioned using a Buehler Ò isomet 1000 precision saw having diamond wafering blade (15.2 cm dia. 9 0.5 cm thick). In order to avoid excessive heating and plastic deformation, specimens were cut using a small load of 50 g and low speed of 100 rpm. Buehler Ò isocutplus cutting fluid was mixed with water (1:9) and used as a coolant to prevent heating produced during cutting.
Worn surfaces were examined using a Hitachi S-4700 scanning electron microscope to determine possible material removal mechanisms operating under different test conditions.
Results and Discussion
Erosion
During pure erosion, API X42 steel was exposed to abrasive stream for 50 s at 90°angle of incidence and different particle velocities (36, 47, 63 , and 81 m s -1 ). Erosion rate in the absence of corrosion (E 0 ) was calculated using Eq. 14 and is plotted in Fig. 4 . It should be noted that error bars in plots in the present work represent standard deviations of several measurements made per data point. As expected, higher particle velocity leads to higher material removal from the surface as observed in other erosion studies [86] . This is because of the fact that higher particle velocity is associated with higher kinetic energy which leads to more material removal. It is believed that when the particle velocity is low, hence, low kinetic energy, only small fraction of the abrasive particles have high enough velocity and mass to cause plastic deformation to the steel surface. The majority of particles have low energy below a threshold value, which only results in elastic deformation of the steel. As particle velocity increases, more particles attain the required critical energy to result in plastic deformation and material removal. That is, at low particle velocity, most of the impact is elastic and does not contribute to the measured erosion rate. In order to quantify the velocity exponent n (Eq. 1), erosion rate data in Fig. 4 were curve fit using nonlinear least square method. It was found that during pure erosion of API X42 steel (50 s test duration), the velocity exponent n has a value of 2.13.
Erosion is a complex time-dependent phenomena. Different erosion mechanisms operate simultaneously and interact with one another, which makes the identification of these mechanisms a challenging task. Contributions from different mechanisms control the net erosion rate of the material. At low particle velocity (36 m s -1 ), most of the abrasive particle kinetic energy is used to penetrate the surface and form dimples by locally micro-forge the surface and, in the process, form work-hardened layer due to plastic deformation (Fig. 5a) . A number of other investigators have also reported the formation of a work-hardened layer during erosion [87] [88] [89] . For example, Levy believed that a work-hardened region results from extensive plastic deformation occurring just below the surface [88] . Papini [53] showed that low erosion rate at 90°impact angle was likely due to a significantly hardened surface layer since the energy transfer normal to the surface was at its maximum. During impact the metal is squeezed out of the dimples due to plastic deformation to form ridges. The cross section of the erosion scar (Fig. 5b) shows the formation of ridges and work-hardened layer. Material removal occurs by fracture and flattening of ridges around dimples. A schematic diagram (Fig. 6) illustrates the stages of metal removal by this mechanism. Figure 6a shows the formation of ridges and dimples on the eroded surface due to repeated impact by abrasive particles. Figure 6b -d are magnified images of Fig. 6a , which illustrate the removal of ridges due to plastic deformation and fracture caused by the abrasive particles impact. This process of metal removal is observed at low particle velocity and more so at high velocity. During erosion, Al 2 O 3 particles are observed to embed into the steel surface (Fig. 7a) , which has also been identified in earlier studies [72, 73, 90] . At high particle velocity (81 m s -1 ), embedded Al 2 O 3 undergo repeated impact by the incoming particle stream which leads to particle fracture (Fig. 7b) . Fractured particles are then removed from the surface leaving behind vulnerable lips (Fig. 7c) . Material removal typically involves the flattening of a protrusion (lips) and fracture upon subsequent impact. The higher the impact velocity, the deeper the abrasive particles penetrate into the matrix, hence, more material removal. This metal removal process seems to dominate under conditions of high particle velocity. Earlier studies [91] [92] [93] showed that in a multiple impact situation, lips are initially formed by extrusion of surface material from earlier impact. These lips are fragile in nature and may not be removed immediately but would easily be removed by subsequent impact by another particle. In addition, metal cutting is also observed (Fig. 7d ) and contributes to metal loss. Metal cutting is usually observed at high particle velocity where Al 2 O 3 particles strike and deflect by previously embedded particles and erode a small portion of metal (2-3 lm). Metal cutting mechanism has been described elsewhere [73] .
Corrosion
A typical potentiodynamic polarization curve for API X42 steel in 2 g l -1 NaCl in the presence of CO 2 is given in Fig. 8 . The corrosion current density (I corr ) of the system was measured from Tafel extrapolation. Statistical analysis was performed to measure the accuracy of the fit, which gives a p value of 0.003. It indicates that the accuracy of the fit is at 95 % confidence level. The corrosion current density, anodic (b a ), and cathodic (b c ) Tafel slopes are 52.5 lA cm -2 , 79.2 mV decade -1 , and -507.2 mV decade -1 , respectively. Corrosion rate is calculated (Eq. 16) to be 1.93 9 10 -5 lm s -1 . The specimen was weighed before and after the corrosion test and the corrosion rate calculated Table 5 summarizes the data obtained from pure corrosion experiment.
Profilometry scans were performed before and after corrosion of API X42 steel samples. Scanned profiles were then stitched together for comparison as shown in Fig. 9 . The surface roughness of the specimen was measured and is tabulated in Table 6 . It was found that there is around 54 % increase in surface roughness after corrosion. Figure 10a shows SEM micrograph of etched as-received API X42 steel. As described earlier, API X42 consists of ferritic (86 %) and pearlitic (14 %) microstructure having an average grain size of 10 ± 2 lm. Figure 10b shows the magnified image (marked as circle) of Fig. 10a illustrating the pearlitic and proeutectoid ferritic microstructure before corrosion. The pearlitic microstructure of the steel after it was exposed to the corrosive solution (2 g l -1 NaCl saturated with CO 2 ) for 12.5 h is shown in Fig. 10c . It is generally agreed that ferrite is anodic to cementite (Fe 3 C) in CO 2 environment [94, 95] , which leads to the dissolution of eutectoid ferrite into Fe 2? ion and leaving behind a cementite (Fe 3 C) network in pearlite (Fig. 10c) . It is believed that depending upon the morphology of these cementite (Fe 3 C) networks, they can reinforce a protective layer by anchoring it to the Fig. 7 SEM micrograph of a specimen after pure erosion, a embedded Al 2 O 3 particle, b fracture of embedded particle due to repeated impact by the imminent particle stream, c formation of vulnerable lips due to the removal of embedded particle, and d metal cutting caused by the abrasive particle steel surface [96] . Again, anodic reaction involving oxidation of iron to ferrous ion in the corrosive solution leading to the preferential dissolution of proeutectoid ferrite as shown by the wavy appearance in Fig. 10d . The dissolution of iron provides a suitable chemical environment for the formation of iron carbonate (FeCO 3 ), which then precipitates at the steel surface due to its limited solubility [57, 95, [97] [98] [99] [100] . Figure 11 shows the EDS analysis performed on the specimen before and after corrosion. An order of magnitude increase in carbon to iron concentration ratio and the presence of high oxygen content indicate the possibility of the formation of FeCO 3 on the corroded surface. The properties of the FeCO 3 layer play an important role in determining the corrosion rate of the steel. In general, it acts as a diffusion barrier covering the underlying metal and decreasing the corrosion rate by preventing electrochemical reactions at the surface [101] .
The protectiveness of such corrosion layer determines the long-term corrosion performance.
Erosion-Corrosion
During erosion-corrosion process, five erosion cycles (10 s each) were performed during cyclic erosion and corrosion tests for a total of 50 s of erosion time (same duration as pure erosion) for 36, 47, 63, and 81 m s -1 particle velocity and 90°impingement angle. Figure 12 shows changes in average erosion rate with particle velocity in which each data point is an average of five erosion cycles. Depending upon the corrosion mechanisms involved in each cycle, erosion rate varies (within a narrow range) for the same particle velocity. The variation range is more pronounced at higher velocity. As shown in the figure, erosion rate increases with increasing particle velocity as observed previously for pure erosion (Fig. 4) . The average erosion rate data in Fig. 12 were curve fit using nonlinear least square method, and it was found that during erosion-corrosion of API X42 steel, the velocity exponent n has a value of 2.03. Fig. 9 Profilometry scans of API X42 steel showing surface roughness profiles before and after pure corrosion Table 6 Roughness data for API X42 steel before and after pure corrosion Before corrosion (nm)
After corrosion (nm) % increase
Average roughness 847 ± 5 1306 ± 5 5 4
Root mean square 1081 ± 5 1674 ± 5 5 4 On the other hand, Fig. 13 shows the average corrosion rate (corrosion of the eroded surface) of 5 cycles for each particle velocity. As shown in the figure, corrosion rate increases with increasing particle velocity. Abrasive particles partially or completely remove the protective surface film and expose the fresh surface for further corrosion. High particle velocity results in more protective film removal from the surface. Partial removal of the protective surface film creates favorable condition for accelerated corrosion. Again, as observed from pure erosion, high particle velocity leads to higher material removal creating more effective surface area for corrosion. Moreover, it is believed that due to high particle velocity, the sharp edges of the abrasive particles create micro-cracks and provide additional surface area for corrosion. SEM micrographs of the API X42 steel after erosioncorrosion are shown in Fig. 14. Figure 14a shows the general surface morphology after the steel surface was exposed to five consecutive erosion-corrosion cycles (a total of 50 s erosion and 12.5 h corrosion). Synergistic effect between erosion and corrosion leads to high material removal during this process. A magnified image of Fig. 14a (marked as circle) is shown in Fig. 14b . Upon impact, abrasive particles locally micro-forge the surface during the erosion cycle and form a work-hardened layer due to plastic deformation as observed in pure erosion. This workhardened layer is highly susceptible to corrosion (more anodic) and experiences rapid corrosion during the corrosion cycle.
Al 2 O 3 particles are observed to embed into the steel surface and in some cases act as barriers and protect the surface underneath from corrosion. These embedded Al 2 O 3 particles may also act as nucleation sites for pits formation and surfaces adjacent to these embedded particles undergo preferential dissolution as shown in Fig. 14c . After sufficient dissolution (around the particles) in the same corrosion cycle, embedded particles are removed from the matrix and create fresh surfaces (cavities) for further corrosion. These cavities may act as initiation sites for pitting corrosion. Previous studies [102] showed that pits almost always initiate at some chemical and physical heterogeneity, such as second phase particles, inclusions, dislocations, and flaws. Figure 14d shows accelerated dissolution of iron inside the cavity where the adjacent surface area is protected by a corrosion film formed at the initial stage of corrosion.
Pits are often initiated at the steel surface (Fig. 14e ) due to the breakdown of the passive film by the abrasive particles. These micro-sized pits are often considered as metastable pits and under certain conditions, they continue to grow to form large pits. These pits often covered with corrosion products [103] , which make visual detection extremely difficult. Burstein [104] suggested that a cover over the pit mouth is required during a metastable state to maintain the diffusion controlled mechanism. Without the cover in this early growth stage, the pit would repassivate and die. Figure 14f shows the fracture of such pit cover during the erosion-corrosion process. Figure 14g shows the fracture of Fe 3 C network by the abrasive particles. The damage to the Fe 3 C network significantly decreases the adherence of the protective surface film. Moreover, due to high particle velocity, the sharp edges of the abrasive particles create micro-cracks. During corrosion, corrosive solution penetrates through these cracks into the sub-surface region and extends these cracks further. Figure 14h shows the cross section of the specimen after erosion-corrosion illustrating the propagation of subsurface crack. The propagation of sub-surface cracks during corrosion promotes delamination in the next erosion cycle. Table 7 gives a summary of erosion-corrosion, pure erosion, and pure corrosion data (based on weight loss) for API X42 steel. Relative comparison of erosion and corrosion components (Fig. 15) indicates that the effect of Fig. 12 Average erosion rate vs particle velocity for API X42 steel during erosion-corrosion process. Each data point is an average of five erosion cycles Fig. 13 Average corrosion rate (based on weight loss) vs particle velocity for API X42 steel during erosion-corrosion test in which each data point is an average of five corrosion cycles corrosion on erosion and vice versa is significant. For 36, 47, 63 , and 81 m s -1 particle velocity, the increase in erosion rate due to corrosion is around 55, 15, 35, and 34 %, respectively. On the other hand, there are around 2, 3, 4, and 5 times increase in corrosion rate due to erosion for 36, 47, 63, and 81 m s -1 particle velocity, respectively. 
Effect of Corrosion on Erosion
Relative comparison of pure erosion and the total erosion component (due to erosion-corrosion) reveals that the effect of corrosion on erosion is significant. Surface roughness plays an important role during erosion. As described earlier, erosion is highly sensitive to impingement angle and an increase in surface roughness changes the local impact angle. Previous studies [73] showed that low angle metal cutting, plowing, and delamination predominate at low impingement angle leading to higher erosion rate. Moreover, increase in the surface roughness creates vulnerable local peaks, which are then easily removed during erosion. In this study, increase in surface roughness (around 54 %) due to corrosion causes higher erosion rate during erosion-corrosion. It is believed that corrosion removes the work-hardened layer and exposes an unhardened surface for further erosion. At high impact angle (90°), extensive amount of Al 2 O 3 particles embed in the surface and act as reinforcing particles and slow down the erosion rate by protecting the underneath surface from additional erosion. However, preferential dissolution around the embedded particles (during the corrosion cycle) accelerates the removal of these embedded particles and increases the erosion rate by exposing fresh surface and creating vulnerable lips. Furthermore, due to high particle velocity, the sharp edges of the abrasive particle create micro-cracks during the erosion cycle. During the corrosion cycle, corrosive fluid penetrates and corrosion products precipitate inside the microcracks, which generates tensile stresses in front of the cracks leading to the extension of the cracks. The propagation of these micro-cracks promotes delamination in the next erosion cycle. Schematic diagram illustrating the propagation of micro-crack during the corrosion cycle is shown in Fig. 16 .
As indicated in Table 7 , the % increase in erosion rate due to corrosion decreases with increasing particle velocity (55, 15, 35 , and 34 % for 36, 47, 63, and 81 m s -1 , respectively). This indicates that the effect of corrosion on erosion is more pronounced at low particle velocity. This is mainly because, at high particle velocity, particles are embedded deep into the steel surface and work as barriers for further erosion. However, at low particle velocity, the particles are not embedded deep in the steel surface and can be easily removed by dissolution of the steel around these particles, hence, increasing the effect of corrosion on erosion. Moreover, high particle velocity creates thicker work-hardened layer and is not completely removed during the corrosion. It slows down the material loss rate during the erosion cycle.
A study by other researchers [105] suggested that although erosion rate depends on erosion mechanisms, the velocity exponent n is independent of erosion mechanisms and only depends on velocity and particle feed rate. However, at high particle feed rates such as the one employed in this study, the velocity exponent n decreases from 2.13 to 2.03 for pure erosion and erosion-corrosion, respectively. This indicates the dependency of erosion rate on velocity decreases and material loss rate becomes more dependent upon the mechanisms involved during the erosion-corrosion process.
Effect of Erosion on Corrosion
Significant increase in corrosion rate was observed during erosion-corrosion. This is mainly because the work-hardened layer formed after the erosion cycle is more anodic and makes the eroded surface highly susceptible to corrosion [85, 106] . Again, throughout the corrosion process, the precipitation of iron carbonate (FeCO 3 ) forms a passive film which acts as a diffusion barrier by covering the underlying metal and decreasing corrosion rate [101] . This layer is weakly bonded with the steel surface and easily removed (completely or partially) by erosive particles, which expose the fresh surface to the corrosive environment. Partial removal of the protective surface film creates favorable condition for accelerated pitting corrosion. Additionally, disruptions in Fe 3 C network in pearlite (due to erosion) significantly decrease the adherence of the protective film. During erosion, abrasive particles are embedded within the matrix. These embedded particles act as nucleation sites for pit formation. Pits are often initiated on the steel surface due to the breakdown of passive film by the abrasive particles. Moreover, the increase in surface roughness due to abrasive particles impact increases the effective (real) surface area, which leads to higher corrosion rate [15, 16] .
The effect of erosion on corrosion increases with increasing particle velocity. There are 2, 3, 4, and 5 times increase in corrosion rate due to erosion for 36, 47, 63, and 81 m s -1 particle velocity, respectively. Higher particle velocity causes more damage to the passive film and exposes the fresh surface to the solution. Also, high velocity causes more embedded particles (creates more nucleation site for pitting), more micro-cracks, and deeper penetration into the steel. After removal of these embedded particles, more effective surface area is exposed to the 15 Relative comparison of a total erosion component, erosion rate in the absence of corrosion and change in erosion rate due to corrosion and b total corrosion component, corrosion rate in absence of erosion, and change in corrosion rate due to erosion corrosive media. Again, the thickness of the work-hardened layer increases with increasing particle velocity, which significantly increases the overall corrosion rate.
Conclusions
In this study, sets of erosion, corrosion, and erosion-corrosion experiments were carried out on API X42 steel to evaluate synergistic effect between erosion and corrosion and to investigate possible degradation mechanisms. The following conclusions can be made from the current work:
(1) In the course of the erosion at 90°angle of incidence, abrasive particles micro-forge the surface, induce heavy plastic deformation, and create work-hardened layer on the surface. Material removal occurs due to fracture and flattening of ridges around dimples. (2) Embedded abrasive particles reinforce the surface and slow down the erosion rate. Moreover, increasing particle velocity increases erosion rate. This is because the higher the impact velocity, the higher the kinetic energy, leading to heavier deformation and higher material removal. (3) During corrosion, preferential dissolution of eutectoid ferrite provides a suitable chemical environment for the formation of protective surface film on pearlite. Cementite (Fe 3 C) network in pearlite anchors the passive film to the surface. (4) Throughout the erosion-corrosion process, significant increase in erosion was observed due to corrosion. Corrosion increases surface roughness, removes work-hardened layer, and accelerates the removal of embedded particle. It also promotes delamination by extending sub-surface cracks. (5) Significant increase in corrosion was observed due to erosion. Erosion removes the passive film from the surface, breaks the cementite network, provides favorable conditions for pitting, and increases the effective surface area by increasing the surface roughness. In addition, erosion creates sub-surface cracks and deformed work-hardened layer, which increases corrosion kinetics. (6) The effect of corrosion on erosion is significant at low particle velocity, while the effect of erosion on corrosion is more prominent at high particle velocity.
